Some aquatic plants have fast metabolism and growth, even at sub-optimal conditions, and become dominant in lentic environments such as large reservoirs, altering the nutrient cycle and impairing their environmental quality. There is great need in the knowledge impact processes of invasive species in aquatic environments, among the major, those related to the decomposition. This study evaluated the anaerobic decomposition of invasive submerged macrophytes Egeria densa Planch, native, and Hydrilla verticillata (L.f.) Royle, exotic in Porto Primavera and Jupiá reservoirs, Paraná basin. We evaluated the decay of organic matter, humification degree of the leached material, electrical conductivity and pH of the decomposition process. Mathematical models were utilised to describe the decomposition patterns over time. Both species showed the same heterogeneous pattern of decay of organic matter and carbon mineralisation. The models of carbon mineralisation, compared with the experimentally obtained data presented were adequate. Both species show no significant differences in the decomposition processes. Incubations of both species presented rapid t ½ for POC mineralisation and low DOC mineralisation.
Introduction
A species is considered invasive when it acquires a competitive advantage following the disappearance of natural obstacles to their proliferation, enabling a rapid spread and conquest of new areas in which the population becomes dominant (Valery et al., 2008) . Among aquatic plants, there are many species with a high potential for invasion (Pieterse and Murphy, 1990) . The aquatic plant community comprises a polyphyletic group of organisms, including angiosperms, ferns, mosses and some freshwater algae, occurring in seasonally or permanently flooded environments (Lacoul and Freedman, 2006; Chambers et al., 2008) . Macrophytes also play a significant role in structuring aquatic environments, the nutrient cycle and biota maintenance (Wetzel, 2001) . They spread, grow and reproduce rapidly, even in sub-optimal conditions, such as under intense competition (Spencer and Bowes, 1990) , and have rapid metabolism and large biomass in eutrophic ecosystems (Pieterse and Murphy, 1990) . Thus, macrophytes can be aggressive invaders, threatening the biodiversity and ecosystem processes in aquatic environments (Santamaria, 2002) .
Among the main macrophyte species invading reservoirs, there are the submerged Egeria densa Planch. (native to Brazil) and Hydrilla verticillata (L.f.) Royle (exotic to Brazil). The genera Egeria and Hydrilla (Hydrocharitaceae) have been the focus of concern in Brazilian reservoirs due to their large biomass (Bianchini Júnior et al., 2010) leading to an increase in the amount of decomposed material, which may cause the decrease in oxygen concentration (Rose and Crumpton, 1996) , alteration of redox potential (Van der Putten et al., 1997) , increased rates of fouling (Rooth et al., 2003) , changes in biogeochemical cycles, reduction of plant diversity (Meyerson et al., 2000) , increased primary productivity (Jordan et al., 1990 ) and changes in trophic relationships (Batzer, 1998) available in these reservoirs.
The use of mathematical models to describe the exponential decomposition of particulate detritus (POM) is commonly observed, and in turn, linear models have been unsuccessful because the kinetic arguments that justify their use do not apply to vegetal decomposition (e.g. decomposition rates are constant, independent of the amount of debris). The adoption of the double exponential model for describing the decomposition process takes into account the heterogeneity of the substrate, i.e. admits distinctions concerning the chemical composition of detritus. Thus, the detritus is differentiated according to their potential degradation in this case having a labile and/or soluble fraction and another refractory fraction (Asaeda et al., 2000) .
The potential effects of invasions by macrophytes are well described in other continents (Finlayson, 2005; Ali and Soltan, 2006; Mony et al., 2007) , but there are no data about the potential effects of detritus contribution of invasive macrophytes in Neotropical reservoirs. Therefore, considering the need to understand the processes involving invasive macrophytes in tropical environments and the importance of the nutrient contribution of this group, the aim of this study was to describe the kinetic aspects of the anaerobic decomposition of the submersed aquatic plants Egeria densa and Hydrilla verticillata from the Jupiá and Porto Primavera reservoirs (Brazil), emphasizing the temporal decay of organic matter and carbon balance.
Material and Methods

Study area
The Parana basin's main rivers are the Paraná and Paraguay, occupying most of central southern South America (18 ° to 34 ° S and 45 ° to 68 ° O) (Agostinho et al., 2007) .
The Porto Primavera hydroeletric reservoir (UHE Engenheiro Sergio Motta) is located on the Paraná River between the coordinates 53 to 52° W and 22 to 22 ° 30' S. The reservoir area is 2040 km 2 , with a volume of 15.7 × 10 6 m 3 , and a total length of the longitudinal axis of 250 km . Reservoir Engenheiro Souza Dias (Jupiá hydroeletric) is located immediately upstream of the Porto Primavera hydroeletric reservoir. It has a flooded area of 330 km 2 , it is 5,495 m long and receives water from the Paraná, Tietê and Sucuriu rivers. The quality of water reaching the reservoir is heavily influenced by a variety of other reservoirs installed upstream, which retain suspended solids and nutrients (Roberto et al., 2009 ). So, they are characterised as mesotrophic reservoirs (sensu Vollenweider, 1968) . According to Sousa et al. (2009) 
Experimental design and sampling procedure
Healthy samples of Egeria densa, Hydrilla verticillata and water were collected in the littoral region in the Jupiá and Porto Primavera reservoirs. Water samples were collected using a van Dorn bottle. In the laboratory, plant samples were washed and dried in an incubator at 40 °C. Water samples were filtered in a cellulose ester filter (Φ = 0.45 µm). Anaerobic incubations were carried out according to Bianchini Junior et al. (2002) . Integral fragments of Hydrilla verticillata and Egeria densa macrophyte were incubated in 60 glass bottles (500 mL) at a ratio of 10 g (PS) L -1 in anaerobic conditions at the annual average temperature of the reservoirs (25 ± 1 °C). On the days when the samples were taken (1, 3, 5, 10, 15, 20, 30, 40, 50 and 65) three incubations (three replicates), of each species were fractionated into particulate organic matter (POM) and dissolved organic matter (DOM) by filtration in a glass membrane (Φ = 1.2 µm). POM mass was determined gravimetrically (Wetzel and Likens, 1991) and converted into carbon-based (POC -particulate organic carbon).
To apply the mineralisation models, the percentage of POC in the macrophytes was estimated as 0.47*POM (Wetzel, 2001) . The DOM was filtered and the concentrations of organic carbon (TOC), inorganic (TIC) and total carbon (TC) were measured with a carbon analyzer (Shimadzu, model TOC-5000A). The dynamics of the carbon fractions (POC, DOC and TIC) was assessed according to Wetzel (2001) . Part of the dissolved fraction was used to determine the electrical conductivity values (potentiometric method, Digimed brand, model DM3), pH (potentiometric method, Qualxtron brand, model 8010) and the potential for humification according to Stevenson (1982) (reason E4 / E6) in a spectrophotometer (Ultrospec brand, model 2100 pro).
Mathematical models
The temporal variations of POC free ash were adjusted to a biphasic decay model (Equation 1; (Lousier and Parkinson, 1976; Jenkinson, 1977) using the iterative algorithm Levemberg-Marquardt (Press et al., 1993) :
where: POC LS = original content of labile organic carbon (%); POC R = initial content of organic carbon refractory (%); k T = k 1 + k 2 ; the coefficient of overall mass loss
.
The formation and mineralisation of the COD were fitted according to Equation 2 :
where: C DOC = variation per unit time in the concentration of DOC and k T = leaching rate (day -1 ); k 3 = mineralisation rate of DOC (day -1 ); The overall equation that includes the sum of all transformation processes of total carbon into TIC (total inorganic carbon) was elaborated according to CunhaSantino et al. (2010) , described in Equation 3:
where C TIC = variation per unit time in the concentration of TIC; POC L = change per unit time in the concentration of POC L (where POC L = labile particulate organic carbon = POC LS -DOC).
The half-life (t ½) of the decay of organic matter was calculated using Equation 4:
where k = decay coefficient of each type of plant fraction; to POC LS , the coefficient used is k T ; to POC R , the coefficient used is k R .
Statistical analysis
A linear regression between the sum of the mineralisation model and the data of total inorganic carbon was performed, to assess whether mineralisation could be predicted by total inorganic carbon. To determine the significant differences between the anaerobic decomposition responses of the two species analysed, we used the ANCOVA statistical tests (Zar, 1999) in the computer program PAST, v.2.11 (Hammer et al., 2001) , considering the sample covariance with the sampled days.
Results
Anaerobic decay of organic matter
The mathematical model parameters (Table 1) showed robust fittings for the mass loss process, where the coefficients of determination (r 2 ) obtained by kinetic fittings were 0.97 for E. densa and 0.96 for H. verticillata. The organic matter decay showed a biphasic pattern (Figure 1a and 1b) (Table 1) . The organic fraction of the dissolved carbon (DOC) is responsible for 13.9% of E. densa total organic carbon and 11.2% of H. verticillata total organic carbon. For both species, the DOC was not mineralised (k 3 = 0).
During the anaerobic decomposition of both species, there was a rapid fall in levels of POC (Figure 1c and 1d) according to the TIC + DOC generated on the first day of the experiment (14.7% to H. verticillata and 13.1% to E. densa). After the decrease in POC, decay proceeded more slowly. Concerning the quantity of TIC, there was a tendency to increase its concentration throughout the process. At the end of the experiment, incubations of H. verticillata presented a higher proportion of POC (54.2%) than E. densa (45.4%). However, the POC decay process for the two species showed no significant The mineralisation model, which comprises the sum of the three pathways of mineralisation (Equation 3) was confronted by a linear regression with the data of total inorganic carbon, obtained experimentally. For H. Verticillata, the fitting (r 2 ) was 0.91 and deviation from the model was 10.4% for the experimental data. For E. densa, the fitting (r 2 ) was 0.95 and deviation from the model was 2.3% for the experimental data.
Electrical conductivity, pH and degree of humification of anaerobic incubation
The incubations with H. verticillata showed electrical conductivity values slightly higher (993 and 1,274 µS cm -1 ) than those with E. densa (750 and 1,230 µS cm -1 ) (Figure 1e  and 1f) . The patterns of temporal changes were similar, and the electrical conductivity increased until the fifteenth day of the experiment (1,228 µS cm -1 for incubations with H. verticillata and 1,231 µS cm -1 for incubations with E. densa). It then decreased until the fiftieth day for the incubations with H. verticillata (1,023 µS cm -1) and the fortieth day for the E. densa incubations (982 µS cm -1
).
The values then increased from these days for both species.
The pH ranged between 4.43 and 6.39 in the H. verticillata incubations and between 4.54 and 6.54 in the E. densa incubations (Figure 1e and 1f) . As for the temporal dynamics, the incubations with the two species were similar, having a sharp decrease in pH from the third day (6.00 for incubations with H. verticillata and 6.42 for incubations with E. densa) of the experiment and a marked increase from the thirtieth day (4.76 for H. verticillata incubations; 4.54 for E. densa incubations). Between the fiftieth day (6.39) and the sixty-fifth day (4.46), there was a marked decrease in the pH of the incubation with both species (from 6.39 to 4.46 in H. verticillata incubations; of 5.33 to 4.64 in E. densa.incubations). The ANCOVA did not demonstrate significant differences for both types of incubation for electrical conductivity (p = 0.2049) and pH (p = 0.9584).
It was observed that, for the incubations of the two species, the peak in absorbance occurred on day 5 (Figure 2) . Once there was a decrease in absorbance, it remained relatively stable throughout the experiment. As for DOC, there was a rapid increase in concentration until the twentieth day. In the E. densa incubations, the DOC concentration remained constant, whereas in incubations with H. verticillata, there was a decrease until the fiftieth day (432 mg.L the H. verticillata incubations and 2.37 and 3.73 for the E. densa incubations. There was a decrease in E4/E6 until the third day for the H. verticillata incubations (from 3.72 to 2.37) and up to the tenth day for E. Densa incubations (3.05 to 2.66). Afterwards, there was a trend of stability for the values of this relationship. On the sixty-fifth day, there was a reduction in E4/E6 for the E. densa incubations (2.95 to 1.94) and a rise in the ratio in the H. verticillata incubations (from 2.94 to 3.73). However, according to ANCOVA, the E4/E6 showed no significant differences in incubations of the two species (p = 0.08668).
Discussion
For all the analysis of the anaerobic experiment carried out, there were no significant differences according to the ANCOVA test. This can be attributed to the species (both from the Hydrocharitaceae family) have a very similar composition. According to Sousa et al. (2009) , who evaluated the occurrence of H. verticillata and E. najas in the Paraná basin, Brazil, they have many ecological and morphological similarities, and they probably compete in lakes and backwaters of the Paraná River. Bianchini Junior et al. (2010) evaluated the growth of H. verticillata in controlled conditions and found a potential for competition between this exotic species and native of the same habitat, such as E. densa. However, due to faster growth compared to native macrophytes, H. verticillata showed the highest competitive potential.
The kinetic fittings used to describe the mass loss (Equation 1) proved to be appropriate for the satisfactory parameterisation of anaerobic decomposition of the selected macrophytes; the mathematical model used considered the substrate as a heterogeneous resource (Bianchini Junior, 2003) , consisting of labile/soluble fraction and refractory. The values of POC LS for the two species are close to values found for the submerged species (34.1%) (Nunes et al., 2011) . The coefficients of mass loss for both species were higher during the first stage of decomposition (first week). This pattern was due to a more rapid mass loss because of the leaching processes of protoplasmic fractions and subsequent dominance of the decomposition processes of the most recalcitrant fraction (Godshalk and Wetzel, 1978; Danell and Sjoberg, 1979; Ayyappan et al., 1986; Asaeda et al., 2000; Chimney and Pietro, 2006) . The t ½ for the decay of organic matter from both species (88 days for E. densa and 94 days for H. verticillata) were low when compared with the values obtained for submerged species in various studies (Cunha and Bianchini Junior, 1998; Bianchini Junior, 1999 , 2003 Asaeda et al., 2000; Nunes et al., 2011) : an average of 156 days. However, these periods of half-life can not be accepted as the patterns of the two species because temperature acts as a fundamental role in determining the decay rate of organic matter (Barillier and Garnier, 1993) . Thus, a different t ½ for the same species in distinct incubation temperatures might exist. Alterations in temperature affect both the bacterial community present in the substrate decomposition and the individual metabolism of decomposing microorganisms (Chin et al., 1999) .
Mineralisation models obtained good convergence when confronted with the experimental values of TIC. The deviations, which were obtained (10.4% for H. verticillata and E. densa 2.3%), are mostly due to weak fittings for temporal variations of DOC (Equation 2). However, considering that the labile/soluble POC fraction corresponds to 29.4% for E. densa and 23.2% for H. verticillata, the deviations of the DOC model did not have a significant influence on the global carbon balance. According to Wetzel (1995) , DOC in aquatic environments has great potential for incorporation by heterotrophic organisms. Thus, the DOC from the decomposing macrophyte process of leaching would be readily metabolised by bacteria due to its reactive nature (Faria and Esteves, 2001) . However, for the two species studied, DOC presented great refractory potential, with null coefficients of mineralisation. In this context, the DOC in aquatic environments can predominantly (up to 60%) consist of humic substances (HS) (Thurman, 1985) . Considering the refractory nature of the DOC, it is assumed that the microorganisms involved in the degradation of HS are not metabolically adapted to the decomposition of the DOM in these experimental conditions (anaerobiosis, temperature and substrate type) (Cunha-Santino and Bianchini Junior, 2008) . Another factor that contributes to the high refractory content found for the DOC is the concentration of FA (fluvic acid) and HA (humic acid). The FA consists of a less complex molecule than the HA and is more easily bioavaliable (Cunha-Santino and Bianchini Junior, 2004) . In this study, the absorbance values of 465 nm, which indicate the content of yellow substance related to humic acid, remained high throughout the experiment. These values, associated with high DOC concentrations observed during the experiment, may indicate the refractory DOC nature. For both species, the E4/E6 ratio was less than 5, indicating the predominance of humic acids (HA) for fulvic acids (FA) (Osborne et al., 2007) . This balance is frequently used in indicating the inverse relationship between the humification processes and the progressive increase in the condensation of organic matter (Tombácz, 1999) . The decrease in the E4/E6 ratio is directly related to the increasing molecular weight and condensation of aromatic carbons (Saab and Martin-Neto, 2007) . Thus, the E4/E6 observed suggests higher rates of HA on FA and would provide a DOC of refractory nature. Thus, the rapid decay of the POC in the early days of the experiment (Figure 1a and 1b) could be linked exclusively to the mineralisation of labile and not the soluble fraction, representing 15.5% of POC E. densa and 12% of H. Verticillata, once the coefficient of mineralisation of DOC were practically zero for both species.
In the early days of anaerobic decomposition, there was a marked increase in the values of electrical conductivity for both species. This is due to the large amount of ions present in the leached material (Mun, 2000) , this stage of decomposition (predominance of POC LS ) , as well as the intense generation of bicarbonate. With each passing day, there was a gradual decrease in conductivity due to the mineralisation of leachate processes by using heterotrophic and assimilation of elements (biological immobilization). The pH values for the anaerobic decomposition presented the same order of magnitude and patterns of temporal variations obtained by Cunha-Santino et al. (2010) . At first, there was a sharp decrease in pH due to the large number of intermediate compounds which are formed from the predominant process of decomposition of the POC LS, causing acidification of the medium (e.g., formation of ammonium bicarbonate and acid organic). The subsequent increase in pH is related to denitrification reactions (Wetzel, 2001 ) and anaerobic ammonium oxidation (Mulder et al., 1995) , predominantly during the processes of decomposition of the COP R.
Regarding the pH, the increase in values in the initial phase of mineralisation, as well as the increase observed for the electrical conductivity values are related to ion releases from the protoplasmic content of the cells, formation of humic compounds (Aguilar and Thibodeaux, 2005) and also by the solubility of nutrients in the culture medium. This process was also observed in decomposition studies performed with Egeria najas (Carvalho et al., 2005) and Typha domingensis (Cunha-Santino and Bianchini Junior, 2006) . Despite the heterotrophic activity, which results in the decrease of conductivity by the consumption of the leachate (as observed in the conductivity standards anaerobic), there was no decrease in the values of conductivity and pH during the experiment. Cunha-Santino and Bianchini Junior (2006) detected the establishment of two buffer systems for pH due to humification and the carbonate system, which allows for pH values between 7.0 and 8, 0. In this experiment, the predominance of acidic conditions in the incubations (averages of 6.22 and 6.27) were probably due to a balance between system buffers and a constant supply of intermediate compounds during the entire process, which would have a tendency towards an acidification of the incubations (Weimer and Zeikus, 1978) . High values of conductivity were also associated with the presence of these intermediate compounds probably originated from the refractory nature of DOC (Table 1) , whose rates of mineralisation were low (practically zero) for both species, thus maintaining the high conductivity values during the process.
In the Porto Primavera and Jupiá reservoirs, there are problems related to the high occurrence of H. verticillata and E. densa (Velini et al., 2005) , like losses in electric power generation and suppression of submerged native macrophytes occurrence. The results of this study indicate that the biomasses of these macrophytes would cause major changes in the nutrient cycle resulting from decomposition processes. As a result, there may be changes in the ecosystem in the short (e.g. increased availability of nutrients, reduced availability of dissolved oxygen) and long term (accumulation of particulate refractory material in the sediments, increased anaerobic heterotrophy).
